Abstract. Harmful cyanobacterial blooms have occurred worldwide over the past several decades, these blooms cause a series of problems not only on drinking water supplies, food webs, but also on the sustainability of freshwater ecosystems. In this study, we constructed a liquid-phase high voltage discharge system to evaluate the effect of high voltage discharge on the growth of Microcystis aeruginosa. Experimental results showed that when the algae initial concentration was 1×10 6 cells/ml, there was almost no change in optical density immediately after the electrical discharge, which presents the cell concentration of Microcystis aeruginosa was not changed immediately. While during the cell cultivating time after the discharge for five days, the cell concentration was gradually decreased along with the cultivating days compared with the control group. And among the treated groups, the 5kV group and the 4kV groups´ effect was superior than the 3kV groups(P﹤0.05), but there was no differences between the 5kV groups and the 4kV groups(P>0.05). While the microcystin-LR(MC-LR) content was different between the 5kV groups and the 4kV groups(P﹤0.05) after discharge for 5days detected by high performance liquid phase (HPLC). These results implicated that the growth inhibition of M. aeruginosa was mainly caused by electrical discharge process, and it made the algal cells lose ability to survive, demonstrating the considerable potential of such an alternative process for efficient water purification.
Introduction
Cyanobacteria, or blue bacteria, is the world's oldest planktonic prokaryotes, but also the main algae species formatting the harmful cyanobacterial in fresh water, rivers and harbor ecological environment [1] . The growth of cyanobacteria is related to hydrology, light intensity, ambient temperature, available nutrients and other ecosystem disturbances. Cyanobacteria blooms can be caused by a variety of environmental factors: water nutrient content, temperature, light, fluid mechanics and cyanobacteriaś own conditions such as buoyancy regulation level, nitrogen fixation capacity, and nutritional storage function [2] .
Nowadays, cyanobacteria has been outbroken in more than 60 countries around the world and has caused human or animal disease and death in more than 50 countries [3] . The annual economic losses caused by cyanobacteria bloom due to eutrophication are about $ 2.2 billion [4] [5] [6] . Blue algae blooms suggest that water bodies, animal habitats, drinking water, food chains and sustainable freshwater systems are facing significant threats [7] [8] [9] [10] . In addition, microcystins and cyano toxins released by cyanobacteria are increasingly considered to be one of the major problems affecting water quality worldwide, which can caused neurotoxicity, hepatotoxicity and gastrointestinal disorders by direct contact with, inhalation or ingestion of contaminated water during human activities [11, 12] .
Advanced oxidation processes (AOPs) are innovative tools that involve an introduction of energy (e.g., chemical, electrical and radiative) into the reaction zone to generate highly reactive species, especially hydroxyl radicals whose standard potentials are up to 2.8 V in acidic media [13] . Over the past few decades, experimental investigations have revealed that algae can be inactivated by advanced oxidation processes, including ozone, hydrogen peroxide, UV photolysis, c-irradiation and various combinations of these methods, all these results indicate AOPs are important for algal control in drinking water purification. For water algae purification in the application of electrical discharge plasma technology, non-thermal plasma, one of AOPs usually generated by high voltage electrical discharges (HVED).
The application of HVED is based on the phenomenon of electrical breakdown in water. Air bubbles that are initially present in water or formed due to local heating are involved into this phenomenon and accelerate the process. If the electrical field is intense enough, the avalanche of electrons becomes a starting point of streamer propagation from the high voltage needle electrode to the grounded one. A track from the discharge channel can be attracted by a solid inclusion if dielectric properties of the medium and inclusion are different. The electrical breakdown is accompanied by the number of secondary phenomena (high-amplitude pressure shock waves, bubbles cavitation, creation of liquid turbulence, etc.). These secondary phenomena cause particle fragmentation and cell structure damage. They can also accelerate extraction of biomolecules from the cytoplasm of the cells [14] .The electrical discharge plasma technology leads to various physical and chemical effects, such as primary formation of oxidizing species: radicals (H· , O· , OH· ) and molecules (H 2 O 2 , O 3 , etc.), shockwave, ultraviolet light and electrohydraulic cavitation [15] .
The mechanism for direct discharge in liquid is very intricate since water as a discharge medium is much denser than gases and does not express the long periodic range of the atomic and molecular as in most solids. In electrical liquid discharge, the current is transferred by slow ions in water that is strongly affected by liquid conductivity. Moreover, the purity, such as dissolved gases which form micro-bubbles in the liquid, plays a significant role in the breakdown process. So some physical principles are difficult to determine. For instance, regarding liquid electrical breakdown in liquids under pulsed excitation, the detailed mechanism is still not fully understood and there are primary two principal competing schools, namely, an electron multiplication theory and a phase change mechanism breakdown theory [13] .
(1) OH· and H· The addition of water molecules into electrical discharge process leads to generating OH· and H· via dissociation, ionization and vibrational/rotational excitation of water molecules, main reactions are as follow:
Dissociation -10 -8 s) through which excited molecule can decompose into new molecules.
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M + hv →M * → products (7) (4) Shock wave In electrical discharge processes, the expansion of the plasma channel against the surrounding water generates an intense shockwave. Thus, shockwave can be produced by high electric energy only introduced directly in the liquid or in bubbles. The resulting shockwave can induce pyrolytic and chemical reactions in bulk liquid indirectly via electrohydraulic cavitation. For example, more OH· and H 2 O 2 in the bulk liquid can be produced via dissociation of water induced by shockwaves. Figure. 1 shows the schematic diagram of the HVED experimental system. The system mainly consists of (1) a 0-70kV adjustable high voltage DC power supply, (2) a 5kV high voltage transformer, (3) four rectifier diodes, (4) two current limiting resistors, (5)a 0.5μF/30 kV/2A non -inductive capacitors, (6) a 0-100kV voltmeter, (7) a pair of needle electrodes, (8) algae water treatment tube, the algae water treatment tube was a 15cm high, 6ccm diameter plastic cylinder. Figure. 1 The schematic diagram of the high voltage electrical discharge system 2.2 Algae and its culture environment.
Materials and methods

Experimental setup and apparatus.
Microcystis aeruginosa is FACHB-905, which were purchased from Wuhan Institute of Hydrobiology, Chinese Academy of Sciences in Wuhan, China. M. aeruginosa cells was cultivated at 25℃ in axenic BG-11 medium. Illumination intensity was 2000 Lux with a light-dark cycle of 12h : 12h. The pH of the algal suspension was around 8. Algae were grown to exponential phase and then used for high voltage electrical discharge treatment experiments. As 680 nm is the maximal absorbance band of M. aeruginosa cell suspensions, the cell concentration was measured by 722N spectrophotometer at this wavelength. The concentration of algae used in this study was about 1×10 6 cells/ml, corresponding to OD 680 =0.074, which was also the initial algae concentration.
Experimental procedure
To investigate the direct effect of high voltage electrical discharge on the growth of M. Aeruginosa, a total of 250 ml of algal water was poured into the treatment tube and treated for different treatment voltage for same times. At appropriate intervals, the samples were taken out from the reactor for analysis to determine the changes in OD value of the reaction medium immediately after the interruption of electrical discharge. It is also important to know how electrical discharge process affects the potential of cells to grow in the reaction medium after electrical discharge process was stopped. Therefore, treated samples were subjected to optical light and temperature condition plant, which were 24 ± 1℃ temperature under illumination on a 12 h/12 h-light/dark cycle with 2000lux light intensity for 1-5 days incubation, to determine the changes in OD during the incubation period. The control group, which has not been treated by electrical discharge, was also exposed to the same conditions as the test samples. All the experiments were performed in triplicate and the average results are presented in the figures. The MC-LR content was detected by HPLC to evaluate the safety of the high voltage electrical discharges method on removing M. aeruginosa.
Results and discussion
The density of the untreated sample of algae (OD 680 ) gradually increased from 0.074 to 0.223 over 5 days after high voltage electrical discharges was shown in Fig. 2 . At first, during the incubation time, all of the treated groups´ OD value was declined compared to the control group. We observed that treated samples turned from green to yellow and some algae settled to the bottom. But the density of all treated samples was reduced to different degrees during 5 days during incubation time. For algae treated for 4kV and 5kV groups, the OD 680 decreased almost linearly to as low as 0.02 after 5 days culture, amounting to a reduction of 73%. While for the 3kV groups, the removal rate was 36% only. The statistical differences between the 3kV and 4kV groups, and the 3kV and 5kV groups was in significant, but there was no statistical differences between the 4kV and 5kV groups. And the final optical density in these cultures after 5days was no regrowing.
Similarly, the change in chlorophyll-a content resembled that of cell density (which was reasonable, since the concentration of chlorophyll-a was in proportion to cell number). The chlorophyll-a content of untreated algae increased significantly from 0.096 mg/L to 0.46 mg/L over the 5 days growth period, while all treated samples showed a rapid decrease trend. However, in contrast to what was observed for cell density, the chlorophyll-a content in samples removal rate was higher than OD 680 , The 3kV, 4kV, 5kV treated group ´ s removal rate was 51%, 78%, 90%, respectively after 5 days incubation. The OD value and chlorophyll-a content was showed in Figure. 2 and Figure. 3.
The curves show that the Chl-a content was very similar to the cell density. The damaged cells may cause by physical and chemical actions due to electrical discharge process increased with an increase Advances in Engineering Research, volume 125 in the treatment time. The application of HVED to biological cells in water causes buildup of electric field at the cell membrane and consequently a change in voltage across the membrane, which induces an additional transmembrane potential. If the additional transmembrane potential reaches and overruns a critical value (normally 1 V for biological lipid membrane), the membrane permeability increases to such a level that either the cell needs from seconds to hours to recover, or pores are generated in the membrane of sizes which allow the exchange of macromolecules and cell death may occur. Meanwhile, chemically active species, including OH•, H•, O•, O 3 and H 2 O 2 , intense UV radiation and over pressure shock waves could attack the cell membrane and wall, disrupt membrane integrity, or electrolyze the molecules in the cell surface, which made pores formed in the cytoplasmic membrane, and the cellular materials released from the cell, including Chl-a and the damaged cells split into many fragments.
HVED can produce a variety of plasma, including free radicals, ozone, hydrogen peroxide, etc. during the discharge progress, but also produce shock waves and strong ultraviolet light, this series of physical and chemical reactions lead algal cell to death, chlorophyll-a release extracellular. In addition, combined with UV light or H 2 O 2 produced by the discharge system, the removal of algae in the liquid discharge system also reduced the MC-LR concentration in water. According to our experiment results, the algae removal rate was depends on the input voltage, when the voltage is higher, the cell density and Chl-a content is lower. The MC-LR results reveal that the initial concentration of the MC-LR was 0.62μg/ml, 5 days later, the control group´ MC-LR was up to 1.0μg/ml. While the 4kV group and the 5kV groupś MC-LR concentration was decreased to 0.40μg/ml and 0μg/ml respectively.
MC-LR has a large molecular weight of 995 and contains the structures of Adda, D-Glu, Mdha, During the plasma discharge process, high-energy electrons and high oxidative species such as · OH/O 2 and O 3 were formed. Base on several literature works and on the molecular structure analysis conducted in our study, a possible degradation mechanism of MC-LR in pulsed discharge system. Hydroxyl radicals are the vital oxidants that dominate the plasma oxidations in water treatment. Their reactions with organic compounds may be differentiated into three different mechanisms: abstraction of hydrogen atom, electrophilic addition to unsaturated bond and electron transfer. In the case of saturated aliphatic hydrocarbons or alcohols, hydrogen abstraction is primary for organic abatement with yielding H 2 O and an organic radical. As for olefins or aromatic hydrocarbons, C-centered radical with a hydroxyl group at the α-C atom can be formed with OH radical addition to unsaturated double carbon-carbon bonds of organic compound. Besides, reduction of hydroxyl radicals to hydroxide anions by an organic substrate is of particular interest in the cases where hydrogen abstraction or electrophilic addition reactions may be disfavored by multiple halogen substitution or steric hindrance.
Summary
The study shows that high voltage electrical discharges method has the potential to be used as an effective measure for controlling the growth of algae and MC-LR, and 5kV voltage can not only achieve good algae removal effect, but also can removal MC-LR completely.
